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Schematic representation of the layered structure for rodlike polymers bearing flexible side chains.
Fig. 2
Chemical structure of PA-n and PPPI. ' ordered structure, and subsequent imidization reaction and removal of the alkyl alcohol from the system can be achieved with maintaining the ordered structure, the alkyl-chain-segregated domains will possibly transform to microvoids or cavities with their sizes are close to alkyl chain length. The expected final material is a mesoporous PPPI, contains well-ordered nanometer-sized cavities like a smart membrane proposed by Tsujita et al. [20] . On these presumptions, in the previous paper, morphology of PA-12 before and after solid-state thermal and chemical imidization reactions was investigated [10] . After the reaction, formation of imide ring and removal of 1-dodecanol was confirmed by Fourier transform infrared (FT-IR) spectrum. However, the layered structure recognized by wide-angle X-ray diffraction (WAXD) measurement was completely destroyed when the degree of imidization became larger, and packing of PPPI chains into its crystalline lattice occurred predominantly. Takashima et al. have also reported similar imidization experiments of PA-12 and its gas sorption properties [21] .
In this report, solid-state structure of PA-n with alkyl chain length n = 6, 8, 14, and 18, and their derivatives by solid-state thermal and chemical imidization have been investigated. Effect of the alkyl chain length on the structure change during the reaction from PA-n to PPPI was investigated by FT-IR, WAXD, and density measurements.
Experimental
PA-n was polymerized by polycondensation reaction of 2,5-bis(n-alkyloxycarbonyl) terephthaloyl chloride (para isomer) and 1,4-diaminobenzene in mixed solvent of hexamethylphosphoric triamide (HMPA) and benzene for 24 h at room temperature. Detailed preparation methods were described in the previous paper [10] .
As-cast film of PA-n was prepared by solvent casting from HMPA/benzene solution at 60-100 under reduced pressure. Thickness of the film was 1-2 µm. In thermal imidization, the film was heated at elevated temperature (150-250 ) under reduced pressure for 12 h. Base-catalyzed chemical imidization was conducted by soaking the film in pyridine or pyridine/toluene mixed solvent (1/5 in volume) at 80 . After washing the film in toluene, further heat treatment under reduced pressure was performed at 200 .
Progress of imidization reaction was evaluated by FT-IR spectrum recorded with AVATAR 320-FT-IR (Nicolet). WAXD photographs were recorded with using Ni-filtered Cu-Kα radiation and a flat film as detector. The reflection spacing, d , was evaluated by using Bragg's equation, 2d sinθ = λ, where 2θ and λ are scattering angle and wavelength of the X-ray beam (0.154 nm), respectively. Density of the sample was determined by floatation method using potassium bromide aqueous solution.
Results and discussion
3.1 Solid-state structure of PA-n WAXD photographs for as-cast PA-n films were taken as the incident X-ray beam was parallel to the film surface. In Fig. 3 , well-oriented WAXD patterns for PA-8 and PA-14 are shown. In both patterns, weak but sharp reflection was located at d = 1.2 nm on meridional line, which corresponds to a repeating distance of rodlike PA-n along the molecular axis. On equatorial direction, very strong reflection at d = 1.79 nm for PA-14 and d = 1.16 nm for PA-8 was accompanied by weak second-order peak. The ratio of d values for these first-and secondorder reflections indicates that the alternately repeated layered structure shown in Fig. 1 was formed, and the normal direction of the layer was perpendicular to the film surface.
In Fig. 4 , evaluated d values for the first-order peak are plotted against n, and the values for the layered and honeycomb mesophases of PBpT-On polyesters reported by Fu et al. [9] are also plotted. The plots for PA-n are almost on the straight line, and closely located near the plots for the layered mesophase of PBpT-On. Slop of the straight line indicates that the spacing for PA-n increased 0.105 nm with the increase of one CH2 group. In the layered and honeycomb mesophases for PBpT-On, this increment was evaluated as 0.099 nm and 0.168 nm, respectively, and the former value is almost identical with that for PA-n. This result also indicates the formation of the layered structure in PA-n films with n = 6-18.
Thermal imidization
As indicated in the previous paper [10] , FT-IR spectrum is useful for evaluation of the progress of ' imidization reaction. The peaks at 1778 cm −1 and 2922 cm −1 correspond to imide I band and alkyl chain's stretching mode, respectively, so a degree of progress for imidization reaction, αimide, and a fraction of the remaining alkyl chains, αalkyl, can be evaluated from intensity of these peaks. In these calculations, intensity for the aromatic ring absorption at 1515 cm −1 was used as internal reference. In Fig. 5 , αimide and αalkyl values after the imidization reaction at various temperatures for 12 h are plotted against the alkyl chain length n. With the increase in temperature from 150 ( Fig. 5a ) to 250 ( Fig. 5c ), αimide ( ) was increased while a reduction in αalkyl ( ). These figures suggest that the imidization reaction proceeded faster in samples with smaller n especially in PA-6, and that longer alkyl chains tended to be remained in the sample, except for PA-8. The latter result seems reasonable because of higher boiling temperature for longer alkyl alcohol. Only in PA-8, αalkyl was somewhat larger than other PA-n as shown in Fig. 5b and 5c. Probably because of narrow inter-polymer distance, the eliminated octyl alcohol after the imidization reaction would be effectively trapped in the confined space of the alkyl-chain-segregated layer. This confinement effect may be weak in PA-12, 14, and 18, due to wider interpolymer distance.
From WAXD patterns of thermally imidized samples, we can suppose a change in the layered structure during the imidization. Fig. 6 shows WAXD photographs for the thermally imidized PA-14 at 150 (a) and 250 (b). The innermost strong reflection, assigned to the layered structure, was observed after the imidization at 150 , however, it could not be recognized after the reaction at 250 , as shown in Fig. 6b . Instead, a sharp reflection indicated by an arrow, which can be assigned as crystalline lattice of PPPI produced by the imidization [10, 22] , was observed. These results suggest that the layered structure in PA-14 cannot be maintained after the reaction at 250 , and by the removal of tetradecyl alcohol from the sample, the produced polyimide chains segregated with each other to form PPPI crystalline lattice. Similar results were also obtained in other PA-n.
Chemical imidization
In the previous paper [10] , chemical imidization reaction of PA-12 with using pyridine as base catalyst was performed. The same imidization procedure was conducted for PA-n, i.e., soaking the film in pure pyridine or pyridine/toluene mixture (1/5 in volume) at 80 . Resulting αimide and αalkyl values are plotted in Fig. 7 . As suggested in PA-12 [10] , the dilution of basic pyridine in toluene decreased the reaction rate of PA-n as suggested by comparison of Fig. 7a and 7b , and the reaction progressed further by soaking the film for longer time as found from Fig. 7b and 7c . These figures also indicate that the αimide value had a tendency to decrease with the increase in n, and correspondingly, αalkyl became larger with n. After the chemical imidization in pyridine/ toluene mixture at 80 for 96 h, the sample was heated at 200 under reduced pressure. By this heat treatment, αimide value was increased and fairly amount of the eliminated alcohols was removed from the sample as shown in Fig. 7d . Fig. 8 shows WAXD photographs for the imidized PA-14 by soaking in pyridine/toluene for 96 h and subsequently heated at 200 in vacuum. As shown in Fig. 7d , αimide and αalkyl values for this sample was ca. 0.6. As indicated by arrows, although the reflection caused by the layered structure can be still recognized at smaller angle region, another reflection from the PPPI crystalline lattice at wider angle region was also observed. By further progress of the imidization reaction and removal of alkyl chains, the reflection from the layered structure disappeared and WAXD photograph like Fig. 6b was obtained. Similar results were also obtained in other PA-n samples.
From the above results, we can point out that the layered structure in PA-n was difficult to be maintained after the thermal and chemical imidization, because of the segregation of PPPI chains.
Structure change by imidization reaction
In Fig. 9 , possible structure models before and after the solid-state imidization are illustrated. Fig. 9a is a projection of the layered structure of polyamides viewed along the rodlike main chain, in which main and side chains are represented by rectangles and wavy lines. In Fig. 9b , the eliminated alkyl alcohols are remained in the layer, on the other hand, Fig. 9c shows that the alcohol molecules have been removed with maintaining the layer spacing. In Fig. 9d , the produced PPPI chains are segregating after the removal of alkyl chains, and forming PPPI crystalline lattice locally. In Fig. 9e , the inter-main-chain distance as well as the layer spacing was decreased due to the removal of alkyl chains. In the WAXD profiles, any distinct change in position of the innermost reflection was not recognized, so the model in Fig. 9e will not be considered further.
As mentioned above, αimide and αalkyl were evaluated from FT-IR spectrum by using the peak for aromatic ring as internal reference. So, αimide value represents mole fraction of the imide ring in the main chain, and αimide does not depend on structures shown in Fig. 9b-9d . On the other hand, αalkyl represents mole fraction of the alkyl chains against the repeating unit of the main chain. Therefore, αalkyl for Fig. 9b is largest among these three structures, and αalkyl will be equal to (1 − αimide) for Fig. 9c  and 9d . In Fig. 10, evaluated αalkyl values for all the imidized PA-n samples are plotted against αimide. The plots are located slightly above the straight line of αalkyl = 1 − αimide, suggesting a possibility of the structure model in Fig.   9b .
Bulk density of the film after the imidization (ρobs) was measured by floatation method. The density for PA-n before imidization depended on n in the range of ρamide = 1.06−1.27 g/cm 3 . For PPPI, we adopted ρimide = 1.55 g/cm 3 from the reported values in refs 22-25. In order to compare the density variation after the imidization of PAn, a normalized density, ρn, was defined by the following equation.
(1) According to eq 1, ρn = 0 when the observed density is equal to that for PA-n, and ρn = 1 when ρobs = ρimide = 1.55 g/cm 3 .
In order to discuss a relationship between the degree of imidization and the density, it is suitable to convert αimide to a weight fraction of the imidized repeating unit, wimide, because molecular weight of the repeating unit for PA-n varies with n.
(
Here, Mamide and Mimide are the repeating unit's molecular weight for PA-n and PPPI, respectively. If the imidized sample exhibited the structure illustrated in Fig. 9d , ρn would linearly increase with wimide. In the case of Fig. 9b , ρobs would be almost identical with ρamide, i.e., ρn !0. The density for Fig. 9c is expected to be smaller than ρamide, i.e., ρn < 0. In Fig. 11a , ρn values are plotted against wimide. There was no sample which exhibited a negative ρn, i.e., realization of the structure in Fig. 9c was only limited. The plots are locating below the line of ρn = wimide, which can be most satisfactorily explained by assuming that the structure in Fig. 9b and 9d are mainly coexisting.
Plots of ρn against αalkyl are shown in Fig. 11b . The plots are rather concentrated on the line of ρn = 1 − αalkyl, suggesting that the bulk density were more strongly correlated with αalkyl than wimide or αimide.
As mentioned in Fig. 6 , destruction of the layered structure was distinguished by disappearance of the innermost WAXD reflection. In Fig. 11 , samples which revealed the innermost WAXD reflection are represented by the filled symbols, and the open symbols indicate that the reflection disappeared by the imidization. Comparison of Fig. 11a and 11b suggests that the destruction of the layered structure was determined by αalkyl rather than wimide, and occurred when αalkyl was smaller than 0.6. From these results, we can suppose a possible structure change of PA-n during the imidization reaction as follows. Eliminated alkyl alcohols by the imide-ring formation had a tendency to remain in the alkyl-chainsegregated layer as illustrated in Fig. 9b . With the removal of alkyl chains from the system, the PPPI main chains segregated to form crystalline lattice as shown in Fig. 9d , and formation of the cavities with maintaining the layered structure, as illustrated in Fig. 9c , was hardly realized.
As suggested in Fig. 5 and 7 , reaction rate of the imidization was influenced by the alkyl chain length n. In Fig. 10 and 11 , symbols for the plots were distinguished by n value. However, any n-dependencies on the degree of imidization or density could not be extracted from these figures. These results suggest that the alkyl chain length had little influence on the structure change during the imidization.
Concluding remarks
In this study, structure change during the solid-state thermal and chemical imidization of rodlike poly(amic nalkyl ester)s with various alkyl chain length were investigated. When the side chain length n was in the range of 6-18, PA-n exhibited the layered structure, and cylindrical honeycomb structure could not be recognized. Both in thermal and chemical imidization, αimide decreased gradually with the increase in n, and αalkyl value was larger when the side chain was longer. The relationship between 
Fig. 9
Plausible structure models for PA-n and its derivatives after the imidization reaction. Details are described in the text. ' αimide and αalkyl as well as between ρn and wimide or αalkyl suggested that the structure like Fig. 9b and 9d were plausible after the imidization reaction. By further decrease in αalkyl below 0.6, the WAXD reflection assigned to the layered structure could not be recognized, suggesting that the layered structure could not be maintained anymore. From the above results, we can point out that remaining amount of the alkyl chains play an important role to maintain the layered structure. In our forthcoming paper [26] , structure of polyamides having some alkyl chains attached via ether bond, which are not eliminated by imidization reaction, will be investigated. 
